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ABSTRACT

A study was performed on the status of technology of continuous
monitors for emissions from stationary sources in California. About 700
sources were identified which had emissions of 100 tons/year or more of

the contaminants considered (NOx, SO,, CO, particulates, hydrocarbons) ,

2
and which were suitable for installation of a continuous monitor.

Systems of stated reliability and moderate cost ($10,000 to $20,000)
were found to be available from several manufacturers. Direct reading of
the mass rate of emissions and electronic data handling and storage were
found to be feasible, effective options. Costs were estimated to be about
10% and 25%, respectively, of the basic monitor cost. Examples of specific
applications of both in situ and extractive systems were prepared and are
presented. For many combustion devices the annual fuel cost savings that
could result from continuous combustion control would equal the original
monitor system cost. The technology of continuous monitors was found to

be well developed based on several years of field experience.
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1.0 INTRODUCTION

Continuous measurement and recording of exhaust gas parameters
from combustion devices has been routinely performed in many applications.
In several of these instances the primary motivation has been economic.

By measuring, for example, the oxygen (02) and carbon monoxide (CO) in the
flue gas, on a continuocus basis, much more efficient operation of a heater
or boiler can be achieved. Many combustion devices routinely operate

(1)

at CO levels in excess of 2000 ppm because of a lack of data or control

. . 2 .
of this parameter. However, it has been shown( )that reducing the CO level
can result in fuel savings on the order of .3% for every 1000 ppm. For
a large heater (eg 250 MMB/h) the fuel cost savings alone for the first

year would pay for the cost of an oxygen and CO continuous monitor system.

More recently, interest in continous measurement systems has been
focused on pollutant characterization and reduction. Imminent Federal and

(3,4)

State regulations would require the installation of monitors

to measure oxides of nitrogen (NOx), oxides of sulfur (502), CO, hydro-
carbons, reduced sulfur compounds and particulate matter; where those
pollutants or the process exceed certain rates. The rates established by
the State of California for pollutants are 100 tons/year for all but CO

for which 1000 tons/year is proposed.

Reporting and data storage requirements have also been proposed
which would place severe demands on manual techniques. For example, the
State of California and EPA-proposed regulations both require storage of

all data for a two-year period.

Emission measurements to date have consisted mainly of discrete, random
sampling with either wet chemical methods or electronic instruments. Several
limitations are obvious:

1. Representative operating and sampling conditions are difficult
to establish.

2. Emissions can vary considerably, depending on the type of fuel,
the load, or process rate.

3. Any violations of existing regulations will usually occur at
times other than testing because of the statistically small

period of time sampled.



4, Emissions tend to ke dependent on combustion device history
and operating condition. Thus, measurement at a given point

in time will not necessarily be related to a later period.

5. Real time assessment of violations and their correction is

not possible.

Recognizing these limitations, and to provide a firm basis for the
desigh of strategies to control emissions from stationary sources, the
California Air Resources Board initiated this study to evaluate presently
available continuous monitor svstems. This program was concerned with

complete monitcr systems rather than individual instruments or components.

The number and types of emission sources in California exceeding
the 100 ton/year limit were determired for the pollutants discussed above.
Air pollution damage estimates were made by source category and related to

monitor reguirements.

Based on this evaluation, questionnaires were sent to manufacturers
of continuous monitor systems to obtain information on cost, accuracy, relia-
bility, availability, and other criteria for evaluation of systems to measure
and record emissicns of specific pollutant combinations. The information

provided was evaluated and summarized.

Process computing networks necessary to enable a readout of the

true mass flow rate of emissions were designed and cost estimates made.

The data nandling and storage regquirements were analyzed and several

systems identified and cost estimates made.

Finally, examples of continuous monitor installations on typical
emission sources were prepared to provide a guide for the potential user

who is unfamiliar with this technology.
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2.0 SOURCE SUMMARIES

2.1 Pollutants

The emissions that are the subject of this report are particulates
(Part), sulfur dioxide (SOO), oxides of nitrogen (NOx ), hydrocarbons (HC),
and carbon monoxide (CO). ; description of these various pollutants, a brief
outline of the processes that produce each and control systems that are
available to control each are discussed below.
2.1.1 Particulates. Particulate matter includes all dusts, acid mists,
smoke, fly ash, etc. In most air pollution control jurisdictions particulate
matter is defined as all finely divided liquid and solid material at standard
conditions, excluding uncombined water (standard conditions are usually
defined as 60 °F and 14.7 psia).

Particulate matter from combustion sources includes non-combustibles
(ash) and unburned fuel residues (pyrolysis products), as well as some
hydrocarbon compounds and sulfur trioxide (as H2804.2H20). Since some hydro-
carbons are included both as particulates and in the measurement of total

hydrocarbons, some portion of the hydrocarbon emissions are accounted for

twice.

Particulate matter from non-combustion sources includes dusts

from loading operations, cement manufacture, aggregate drying etc.

In some cases particulate matter is produced concurrently by
a combustion and a non-combustion source. For example, in cement man-
ufacturing a mixture of finely divided solid materials is heated by
direct contact with a flame. The exhaust gas from this process con-
tains particulate matter from both the combustion process and from

particles of the solid material which are entrained in the combustion

products.

A large percentage of these materials can be removed by employ-

ing control devices such as cyclones, electrostatic precipitators, bag

houses, scrubbers, etc.



2.1.2 Sulfur Dioxide. Sulfur dioxide (802) is the major form of
gaseous sulfur emissions {the other being sulfur trioxide). The primary
source of SO2 emissions is from combustion of sulfur containing fuels.
2 large percentage of the sulfur in fossil fuels is emitted as 502 with

a small portion appearing as SO, {(up to about 5%) and some appearing in

3

the ash. Another substantial source of 802 is sulfur recovery units at

oil refineries.
Sulfur dioxide emissions can be controlled by the use of low

sulfur fuels and/or scrubber systems.

2.1.3 Nitrogen Oxides. Nitrogenoxide. (NOx) emissions consist of
nitric oxide (NO) and nitrogen dioxide (NOz). Although a small amount
of these pollutants are emitted from chemical plants of various types,

most NOx is emitted from combustion sources.

Combustion processes produce NOx by two mechanisms. First, some
portion of the nitrogen in the fuel is converted to NOx. Second, NOx
is produced by a thermal process involving the molecular nitrogen in the

combustion air.

Fmission of oxides of nitrogen can be controlled by selecting low
nitrogen fuels, by combustion modification technigues and by employing

low NOx burners.

2.12.4 Hydrocarbons. Hydrocarbon emissions (HC) consist of vaporized
sclvents and fuels. HC emissions from combustion sources are mostly un-
burned fuels while emissions from non-combustion sources are primarily
evaporated solvents. Since some of these compounds are liguids at
ambient conditions, they are also classed as particulate. That is, some
of HC compcunds are measured twice and reported in two categories of

pollutants.

Since emissions of hydrocarbons from combustlon sources are a
result of incomplete combustion of hydrocarbon fuels, they can be avoided
by ensuring correct combustion conditions f.g. sufficient air,
correct burner adjustment, etc.). Hydrocarbon emissions from evaporation
sources can be controlled bv using afterburners, vapor collection systems, or

solvent recycling systems .
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2.1.5 Carbon Monoxide. The primary source of carbon monoxide (CO) is
incomplete combustion of fuels. This pollutant can be avoided by ensuring
correct combustion conditions (e.q. sufficient air, correct burner adjust-
ment etc.). Another potentially large source of CO emissions are the fluid
catalytic cracking units (FCCU) at refineries. Large amounts of CO are
generated in these units when the carbon deposits are burned off the
catalyst. In most cases, the CO is burned in a waste heat boiler (CO boiler)
to both eliminate the air pollution problem and to recover the heating value

of the CO.
2.2 Categories of Devices

In order to determine the number of substantial emission sources
and the magnitude of emissions of each pollutant, a summary of the EPA
National Environmental Data System (NEDS) data base for California was
obtained.(S) This summary contained information on all devices in the
State that emit 25 tons/year or more of any pollutant, and all devices in
Los Angeles County that emit 1 ton/year or more of any pollutant. This
information provided a basis for making estimates of the emissions from
the various categories of sources.

These sources were placed in one of several categories based on the
type of industry or product involved. These categories were then subdivided
according to the type of process or type of source involved. For example
power plant operations were subdivided into Electrical Generation (Combustion)
and Fuel Storage and Handling. The purpose was to classify each source, so
that some estimate of the type of monitors that are required for all devices

in that category could be made.

The preliminary summary of the NEDS data base for California is
the only state wide compilation of emissions of all types that is available,
However since this summary is preliminary and subject to corrections and
additions (52 it is useful only as a rough guide to the types and quantities
of emissions from each category. In order to check the completeness and
accuracy of the summary, a comparison was made with a very comprehensive
survey of NOx emissions in the South Coast Air Basingl%The South Coast Aix

Basin includes all or part of the following counties: Los Angeles, Orange,

San Bernardino, Riverside, Ventura and Santa Barbara.)



As Table 2-I shows in most cases there was good agreement between
the two surveys. The notable exception is the cement plants. The difference
is due in large measure to the absence of emission data for a large cement
plant in the NEDS summary. There is some difference in the refinery data
also; refinery NOx emissions consistently have been underestimated accord-
ing to the South Coast Air Basin Study.(l)

Table 2-I. Comparison of NOx Emissions Data

Device NEDS Summary South Coast Air
Category NOx Emissions Basin NOx Study
(Tons/yr) (Tons/yx)
Power Plants 42,747 42,243
Refinery 14,698 22,006
Cement 2,120 11,833
Glass 4,385 4,196

Table 2-II summarizes the comparisons between the emission estimates
as tabulated the NEDS Summary and the emissions estimated by the various

local APCDs.

County Pollutants NEDS Summary APCD Estimate
(Tons/yxr) {Tons/vyx)
Los Angeles{e) Particulates 27,581 21,900
802 150,807 76,650
NOx 101,469 102,200
Hydrocarbons 187,243 279,225
co 3,385 ' 3,650
Orange(7) Particulates 1,207 2,117
502 6,474 5,731
NOx 4,399 8,505
Hydrocarbons 2,809 18,214
CO 16 840
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Table 2-II. Comparison of NEDS Summary with Local APCD Emission Estimates
(cont.)

County Pollutants NEDS Summary APCD Estimate

(Tons/yr) {(Tons/yr)

San Bernardino'®) Particulates 10,385 13,104
so, 17,325 15,221%*

NOx 35,455 28,288

Hydrocarbons 3,067 9,527

co 5,190 4,782

Santa Barbara(g) Particulates 3,117 5,731

802 56 183

NOx 177 3,760

Hydrocarbons 20 10,184

Co 17 5,840

In most cases the two estimates are similar, indicating that the large
emission sources account for a very high percentage of the total of the
5 pellutants. (The estimates in the table are for stationary source

emissions only.)

Table 2-III summarizes the emissions from sources which emit 100
tons/year or more of each pollutant. Only emissions of 100 tons/year or
more were counted. For example, if a given device emits 100 tons/year of

NOx and 90 tons/year of SO_, only the NOx was tabulated.

2
It was assumed that the 100 ton/year limit of the EPA or State of
California was the minimum below which no monitor would be required. Using

this limit, the following fractions of the total estimated emissions from

substantial sources would be monitored:

Particulates 88%
843

502

NOx 81%

Hydrocarbons 80%

Cco 94%



TABLE 2-III
SUMMARY OF EMISSIONS BY CATEGORY

tons/vyear
Number of devices
Device Type Particu- SO NOx HC Cco- in category emitt-
2 .
late ing 100 tons/year
i or more of any
; pollutant
ki
: T
Power Plant ! ‘ : !
Operations : 9,057 69,710] 120,221 18,123| 4,017 j 130
Electrical : % E
Generation 1 9,057 g 69,710 120,221 16,283, 4,017 125
Fuel Handling ‘ é ;
and Storage 0 o1 6., 1,840 0 5
Gas and 01l ‘ ' :
Operations : 5,698 119,242 47,758 78,666, 146,719 212
Heaters and 1 .
Boilers 2,045 38,399 34,3% 2,139 1,110 64
Compression &
Transportation 0 0 4,025 3,898 127 14
Storage and
Handling 0] 790 0 57,981 0 91
‘ { ,
Miscellaneous 3,653 80y053§ 9,337 14,648il45,482 i 43
“ - i i ,
* T I
H I
Glass ‘
Manufacturing 1,128 734 8,392 0 o] 33
i
i
i
|
Mineral
Processing 194,211 16,730 27,563 256 847 213
Kilns, Driers, i ‘
Etc. 58,773 16,730 27,563 256: 847 134
Material ; }
Handling 135,438 0 o . 0. 0 79
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Metal
Production

2,121

9,325 8,280

1,170

1,828

48

Metal Melting

Coking
Operations

Metal Handling
and Other Com-
bustion

1,764

357

3,474 6,745

3,251 164

2,600 1,371

1,170

1,828

22

17

Chemical
Processes

15,652

37,226 5,191

4,682

41,789

48

Commercial and
Industrial
Solvent
Emissions

8,064

119,145

134

Agriculture,
Timber, and
Paper
Processing

74,866

1,211 3,577

20,135

212,414

412

Agriculture
Processing

Lumber Pro-
cessing and
Manufacturing

Paper Manu-
facturing

16,223

55,019

3,624

0 546

0 1,745

1,211 1,236

1,190

14,952

3,993

119,969

12,445

54

342

Miscellaneous

9,118

2,347 4,482

7,997

25,601

53

Totals

319,916

356,525 625,464

F60,l74

433,265

1,283

w



2.2.1 Electric Power Generation. The air pollution problems associated
with electric power generation result primarily from combustion. Fuel
handling and storage contribute an additional, smaller amount. The majority
of the combustion-associated emissions come from steam electric plants
because they are among the largest combustion devices made, burn the largest
amounts of fuel and are operated at a high fraction of maximum lcad a high

percentage of the time.

The emissions due to fuel handling are primarily fuel evaporation
sources.

Table 2-IV shows the relative amount of the total of all source
categories of each pollutant that results from electric power generation.
These percentages represent emissions only from sources emitting 100 tons/
year or more cf each pollutant.

Table 2-IV. Percentage of Total Emissions of Each Pollutant Due to
Electric Power Generation

Pollutant % Of Total For Each Pollutant
Particulate 2.8
802 27.2
NOx 53.3
Hydrocarbons 7.2
CcO ' 0.9

Steam-electric generating facilities are large combustion devices
that use the hot combustion products to produce high pressure steam which
is used to drive turbine generators. The emission problems associated with
this type of device are due primarily to the combustion process. Most of
the steam plants in California are fired with gas a large percent of the

time. Because of this, for a large portion of the time the 802 emissions

10



are very low; 802 and particulate emissions usually become substantial

only when o0il fuel or coal is burned. However, present trends indicate a

much heavier dependence on oil because of increased natural gas curtailment;
thus 502 and particulate emissions will become larger than existing summaries.

In general, steam electric plants are among the best controlled
and monitored devices. They tend to be designed in such a manner that they
allow for very flexible operation; that is, there are numerous combustion
variables that can be adjusted. Due to these factors, there are wide
variations in what is considered to be safe and normal operation. The
emission rates of some pollutants vary considerably with the operational
mode, and as a iesult emissions from a given device, at a given load, on
a given fuel, can be quite variable.

The load at which these devices operate varies substantially and
frequently. Whereas some combustion devices opérate at a given load for
days or weeks at a time, a typical steam boiler for a power plant operates
at a given load for only hours at a time. Since emissions are a function of

load (among other things), the result is that the emissions vary considerably

with time.

In order to determine which devices could effectively use moni-
tors, each category was examined. In some cases monitors would not be
cost effective due to the lack of a singular emission point. In other
cases the devices might have been in a remote location where pollution
damage costs are low in comparison to the monitor costs. In the following
tables, the representation "monitor can be used" means the device is large,
has a singular emission source, and is amenable to installation of an

extractive or in situ monitor.

Table 2-V shows which pollutants the devices in this category are
likely to produce in substantial quantities and therefore what type of

monitors would be required.

11



Table 2-V. Pollutant Types for Electric Power Generating

Facilities
Number of Sources
Device Type Part SO2 NOx HC Cco Emitting 100 tons/year
or more of any one
pollutant
Electrical
Generation 0 0] 8] 0 0 125
Fuel handling and
storage 0 5

0 Monitor can be used

2.2.2 Gas/0il Producing Equipment. There are four types of functions
considered in this category of device: combustion, compression and trans-
portation, storage and handling, and miscellaneous devices. Ccmbustion
devices include refinery heaters and boilers, which burn oil, refinery gas,
and natural gas. Most of the devices involved in compression and trans-
portation are internal combustion engines which turn compressors and pumps;
generally these devices are fueled by natural gas or petroleum storage
vapors. Storage and handling emissions are related to evaporation of petro-
leum. Miscellaneous devices encompass flares, CO boilers, sulfur recovery

units, etc.

Table 2-VI shows the relative amount of each pollutant that results
from gas and oil producing operations; these percentages represent emissions
only from sources emitting 100 tons/year or more of each pollutant

Table 2-VI. Percent of Total Emissions of Each Pollutant
Due to Gas and 0il Production

% of Total for

Pollutant Each Pollutant
Particulate 1.6

L7
802 38
NOx 16.7
Hydrocarbons 26.4
Cco 31.9

i2
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Refinery heaters are used to heat o0il for purposes of distillation,
reforming, cracking, etc. in order to produce the desired petroleum pro-
ducts. Refinery boilers are used to produce process steam for various
operations which include driving steam power equipment and proQiding heat

in some refining processes.

These devices tend to be smaller than power plant boilers and con-
siderably less well monitored and instrumented. Because of this, it is
likely that the operating parameters for a given load and a given device
can vary considerably. Another important variable is the fuel. Most
conmbustion devices in refineries burn, in addition to o0il, a mixture of
natural gas and refinery gas. Refinery gas is a complex and variable mix-
ture of fuels which are obtained from vapor recovery systems, vents, etc.,

plus some higher quality fuels such as hydrogen, propane, and butane.

Because of these factors, the emissions from these devices can vary
considerably between seemingly identical devices, and can vary from hour to

hour for a given device.

As can be seen from Table 2~VI, refinery combustion devices emit
substantial percentages of all five major pollutants. In general, however,
refinery combustion devices are not equipped with emission control devices
(a notable exception is fluid catalytic cracking units, which will be dis-

cussed later).

Emissions due to the compression and transportation of gas and oil
result primarily from internal combustion (IC) engines and fuel evaporation.
Since most of the operating variables are locked-in by design, the emissions
from a given IC engine are essentially related directly to load. The pri-
mary emissions from IC engines are NOx and CO. As in the case of refinery

heaters and boilers, these engines are uncontrolled.

The main emission due to storage and handling is hydrocarbons from

evaporation of fuel.

Emissions from miscellaneous devices consist of all five major
pollutants. Since this category includes a variety of device types, it is
difficult to make general statements regarding the source of emissions.
However, among the major types of devices accounted for in this category

are: sulfur recovery plants, which convert gaseous sulfur compounts to

13



molecular sulfur; and CO boilers, which burn the large amounts of CO which

are generated during catalyst regeneration in a fluid catalytic cracking unit.

Table 2-VII shows which pollutant the devices in this category are
likely to produce in substantial quantities and therefore, what type of moni-~

tors would be required.

Table 2-VII. Pollutant Types for Gas and 0il Producing

Egquipment
Number of sources
emitting 100 tons/
year or more of
Device Type Particulate SO, NOx HC CO any given pollutant
Heaters and Boilers o] 0 0 o] 0 64
Compression and
Transportation X o] X 14
Storage and Handling 0] 94
Miscellaneous X X X X X 43

O Monitor can be used

X Monitor can be used dependent on specific device under consideration

2.2.3 Glass Producing Equipment. The primary emissions due toc glass manu-
facturing are the result of glass melting {(combustion). Table 2-VIII shows the
relative amount of each pollutant that results from glass producing opera-
tions; these percentages represent emissions only from sources emitting 100
tons/vear of each pollutant.

Table 2-VIII. Percent of Total Emissions of Each Pollutant
Due to Glass Production

% of Total for

Pollutant Each Pollutant
Particulate 0.3
SO .

5 0.2
NOx 2.9
Hydrocarbons 0
CO 0

Most glass melting furnaces use the hot combustion products to heat
the glass directly, that is, the flame impinges directly on the glass. As
a result, in addition to the normal combustion pollutants, additional par-

ticulates are entrained in the exhaust gases.

14



Table 2-IX shows which pollutants this type of device is likely
to produce in substantial quantities and therefore, what types of monitors

would be required.

Table 2-IX. Pollutant Types for Glass Furnaces

Number of sources
emitting 100 tons/
year or more of any

Device Type Particulate 802 NOx HC CO given pollutant

Glass Melting o] o] 0 33

O Monitor can be used
2.2.4 Mineral Industry Equipment. The types of devices used by industries
in this category include ceramic kilns, asphalt batch plants and cement kilns,
and material handling systems for such materials as cement, aggregate, sand,
etc. Table 2-X shows the relative amount of each pollutant that results
from mineral industry operations; these percentages represent emissions only
for sources emitting 100 tons/year or more of each pollutant.

Table 2-X. Percent of Total Emissions of Each Pollutant
Due to Mineral Industries Operations

% of Total for

Pollutant Each Pollutant
Particulate 53.6

802 5.4

NOx 9.6
Hydrocarbons 0

Cco 0

In many of the devices in this category, a finely divided mixture
of solid materials is heated by direct contact with the combustion product
gases. Because of this, the pollutants emitted are those expected from
combustion devices. Additionally, some portion of the process material is
usually entrained in the exhaust gas, resulting in a higher particulate
loading. During loading and handling operations, particulate matter is
generated in the form of dusts. Typical control devices include precipi-

tators, bag houses, cyclones, etc. to control particulates. Successful

15



application of such control devices depends upon localization of the

emissions such as through hoods or vents.

Table 2-XI shows which pollutants the devices in this category are
likely to produce in substantial gquantities and therefore what types of

monitors are likely to be required.

Table 2-XI. Pollutant Types for Mineral Industry Devices

Number of sources
emitting 100 tons/
year or more of any

Device Type Particulate 502 NOx HC CO given pollutant
Kilns, dryers, etc. e} 0 0 e} e} 79
Material handling X 134

0 Monitor can be used

¥ Monitor can be used dependent on the nature of the
specific device

2.2.5 Metal Producing Equipment. There are three types of devices

included in this category: metal melting furnaces, coking ovens, and

other combustion devices, which includes reheat ovens, mill ovens, and boilers.

Table 2-XII shows the relative amount of each poliutant that results
from metal producing operations; these percentages represent emissions only
from sources emitting 100 tons/year or more of each pollutant.

Table 2-XII. Percent of Total Emissions of Each Pollutant
Due to Metal Production

% of Total for

Pollutant Each Pollutant
Particulate 0.7
SO .

5 3.6
NOx 3.7
Hydrocarbons 0.5
Co 0.4

Metal melting devices include open hearth furnaces, blast furnaces,
etc. in which metals are refined or melted prior to casting. In most of

these devices, the hot combustion products impinge directly on the metal

16
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with the result that, in addition to the normal pollutants associated with

combustion, additional particulates are produced. Therefore, many metal melt-

ing devices are equipped with particulate control devices. Since many of
these processes involve the use of coke as a reducing agent, large amounts

of CO are also generated.

Coking ovens involve heating coal to drive off volatile hydro-
carbons and other materials. Although most of these volatile materials are
used for fuel in the plant, some hydrocarbons are released over and above

those generated in the combustion processes.

Other combustion processes involved with metal production include
most of the devices used for heating metal for purposes of milling, forming,
etc. The major pollutants from these devices result from the combustion
process, but additional particulate emissions can occur due to rolling and

milling operations.

Table 2-XIII shows which pollutants the devices in this category
are likely to produce in substantial quantities and therefore,the types of

monitors which would be required.

Table 2-XIII. Type of Pollutants for Mineral Industry Devices

Number of sources
emitting 100 tons/

year or more of any

Device Type Particulate 802 NOx HC CO given pollutant

Metal Melting

Furnaces 0 0 o 0 0 22
Coking Operations o] o) 0 0 o] °]
Other Combustion 0 0 0 0 0 17

O Monitor can be used

2.2.6 Chemical Process Equipment. This category of devices includes a
wide variety of different processes and devices which generate emissions
from combustion processes, chemical reactors, and handling of various chem-

ical processes.

17



Table 2-XIV shows the relative amount of each pollutant that results
from chemical production and related processes; these percentages represent

emissions only from sources emitting 100 tons/vear or more of each pollutant.

Table 2-XIV. Percent of Total Emissions of Each Pollutant
Due to Chemical Processing Equipment

% of Total For

Pollutant Each Pollutant
Particulate 4.9
SO .

5 14.5
NOx 2.3
Hydrocarbons 1.9
(ele} 9.6

Since this category includes a wide variety of combustion and
process devices, it is not possible to give a general description of the
equipment included in this category. Likewise, the emissions from any
individual device depend on the details of the process. However, as can
be seen from the table below, all five types of emissions are emitted from

the aggregate of these devices.

Table 2-XV shows which pollutants the devices in this category are
likely to produce in substantial quantities and therefore, which pollutants
need to be monitored. '

Table 2-XV. Type of Pollutants for Chemical Process

Equipment.
Number of sources
emitting 100 tons/
. . year or more of any
b P S N .
Device Type articulate 02 Ox HC given pollutant
Process Equipment X X X X X 48

X Monitor can be used dependent on details of the process
under consideration

18
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2.2.7 Commercial and Industrial Solvent Emissions. Emission sources in
this category include such things as dry cleaning facilities, printing
facilities, coating and painting facilities, etc. Although the primary
emissions from these devices are hydrocarbons, particulate emissions

accompany sclvent emissions in some cases.

Table 2-XVI shows the relative amount of each pollutant that
results from commercial and industrial solvent emitting sources; these
percentages represent emissions only from sources emitting 100 tons/year
or more of each pollutant.

Table 2-XVI. Percent of Total Emissions of EFach Pollutant
Due to Commercial and Industrial Solvent Emissions

% of Total for

Pollutant Each Pollutant
Particulate 2.5

0
502
NOx 0
Hydrocarbons 47.7
Cco . 0

All of the devices in this category produce hydrocarbons due to
evaporation of solvents. In printing facilities, for example, the solvents
used in inks are released during drying. Emissions of this type can be
controlled by the use of afterburners and solvent recovery systems. After-
burners remove hydrocarbons from gas Streams by passing them through a com-
bustion device which combusts the solvents. In some of these operations
(coating and painting facilities in particular) particulates are also gene-
rated. Solvent recovery systems, as the name implies, recover the solvents

in some usable form rather than destroying them.

Table 2-XVII shows which pollutants the devices in this category are
likely to produce in substantial quantities and therefore, what type of moni-

tors would be required.
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Table 2-XVII. Type of Pollutants for Industrial and
Commercial Solvent Emissions Sources

Number of sources
emitting 100 tons/
year or more of any

Device Type Particulate ‘502 NOx HC Cco given pollutant
Commercial/

Industrial Solvent X 0 132
Emissions

0 Monitor can be used

X Monitor can be used dependent on details of the process

2.2.8 Agricultural and Timber Operations. Emission sources in this
category are those inveolved with drying, processing, and handling of
agricultural products; sawing, sanding, and working of timber products;

and paper manufacturing operations.

Table 2-XVIIT shows the relative amount of each pcllutant that
results from these types of operations; these percentages represent
emissions only from sources emitting 100 tons/year or more of each
pollutant.

Table 2-XVIII. Percent of Total Emissions of Each Poliutant
Due to Agricultural and Timber Operations

% of Total for

Pollutant Each Pollutant
Particulate 23.4

S .

02 0.5
NCx 1.6
Hydrocarbons 8.0
COo 49.0

Although this category covers a large number of different types

of sources, the predcminant areas are:

Agricultural Processing - Grain loading and product drying pre-

dominate. Grain loading cperations produce mainly particulate

matter. Unless the loading procedures take place under a hood
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of some type, there is no peint at which a monitor can be
installed since the emissions are somewhat diversified. Agri-
cultural product drying processes and rice hull burning, although
combustion processes, do not emit 502 or CO in such amounts that
any one unit emits 100 tons/year or more of either. 1In addi-
tion to the combustion-related emissions, additional parti-
culates and hydrocarbons are emit;ed from the products

themselves.

Timber Operations - A substantial source in this category

is Teepee burners in which waste wood and sawdust are burned.
These devices tend to produce large amounts of CO and lesser

amounts of particulates and hydrocarbons.

Paper Manufacture - The various operations involved in paper

manufacturing, produce substantial quantities of all five

major pollutants.

Table 2-XIX shows which pollutants the devices in this category are

likely to produce in substantial quantities and therefore, what type of moni-

tors would be required.

Table 2-XIX. Type of Pollutants for Agricultural, Timber,
and Paper Manufacturing

Number of sources
emitting 100 tons/
year or more of any

Device Type Particulates 502 NOx HC CO given pollutant
Agricultural
Processing X X X 54

Lumber Processing
and Manufacturing 0 X X X 342

Paper Manufacturing 0 o] o] o] 0 428

O Monitor can be used

X Monitor can be used dependent on the details of the
process under consideration
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2.2.9 Miscellanecus Sources. This category includes all emission sources
that are not readily classifiable in any other category. 2Among the largest
contributors to the emissions from this category come from burning at trash
dumps. Table 2-XX shows the relative amount of each pollutant that

results from these types of operaticns; these percentages represent emissions
only from sources emitting 100 tons/year or more of each pollutant.

Table 2Z-XX. Percent of Total Emissions of Each Pollutant
Due to Miscellaneous Sources

% of Total for

Pollutant Each Pollutant
Particulate 2.9

S .

02 0.9
NOx 2.0
Hydrocarbons 3.2

CO 5.9

Since a major portion of the emissions are a result of trash burn-
ing, which is an area type emission (i.e., there is no stack or highly
localized combusticon zcone), it is not possible to use a stack type
monitor. The monitoring requirements for the remaining miscellaneous

devices depend primarily on the particular process involved.

Table 2-XXI shows which pollutants the devices in this category are
likely to produce in substantial guantities and therefore what type of moni-

tors would be required.

Table 2-XXI. Type of Pollutants for Miscellaneocus Devices

Number of sources
emitting 100 tons/

year or mere of any

Device Type Particulate 502 NOx HC CO given pollutant

Miscellaneocus X X X X X 53

X Monitor can be used depending on the detailed
characteristics of the sources
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2.3 Air Pollution Damage Estimates by Source Category.

The relative advantages in the application of continuous monitors
to the source categoies of Table 2-III can be illustrated by using the
method described by Babcock and Nagdaslo) Severity factors are assigned to
different pollutants relative to carbon monoxide. Table 2-XXII gives the

factors derived by those authors:

Table 2-XXII.Severity Factors For Specific Pollutants
(After Reference 10)

Pollutant Severity Factor

Particulate Matter 52
Sulfur oxides 29
‘Nitrogen oxides 24
Hydrocarbons 10
Carbon monoxide 1

The total air pollution damage costs can be estimated by multiplying
the emissions of a given pollutant by its severity factor by the damage cost
per severity ton. Barrett and Waddell (11) have arrived at an average cost
figure of $4.63/severity ton for residential property and health damage.

On this basis Table 2-XXIII summarizes the estimated cost of air
pollution residential and health damage resulting from each source category.
Because of the heavy weighting factor for particulates, mineral proceésing
devices have the largest estimated damage cost, $52,000,000 per year,versus
the next largest, $27,000,000 per year, for gas and oil operations.

A measure of the effectiveness of monitoring is the damage cost
per device. Power plants, mineral processing, and chemical processes all have
averages of about $200,QOO air pollution damage per device. Thus, a $20,000
continuous monitor would represent only 10% of the average annual damage costs.
On this basis, the use of the monitor to ensure emission reductions of only
10% would result in meeting the monitor cost after a year. At the other
extreme, glass manufacturing, agriculture, timber and paper processing, metal
production and commercial and industrial solvents have averages of $40,000-
$60,000 per device. The monitor costs could comprise as much as 30-50% of the

estimated annual damage resulting from the operation of the individual source.
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Table 2-XXIITI. Air Pollution Damage Costs by Source Category

Annual
Annual Estimated
Estimated Damage
Severity Ton P Vear Total Damage Cost Per
everity nnage Per Yea Cost Device
Particulate 502 NOx HC CO ($ x 107) (%)
T o
Power Plant
Operations ' 471,000 { 2,022,000] 2,885,000| 181,200 4,017 25.8 199,090
Gas and 0Oil !
Operations ‘ 296,000 3,458,000 1,146,000{ 787,000 |147,000 27.0 127,000
Glass Manu. . 52,000 | 21,000 201,000 0 0 1.3 39,000
Mineral g
Processing élO,lO0,000 485,000 661,500 2,600 850 52.0 244,000
|
Metal :
Production ; 110,300 270,000/ 199,000 11,700 1,800 2.7 57,000
Chemical i
Processes } 814,000 1,080,000 125,000 46,800 41,800 9.8 203,000
Commercial &
Industrial
Solvents i 419,000 G 01 1,191,000 0 7.5 56,000
Agri., Timben
and Paper
Processing 3,890,000 35,000 85,900 201,000 212,000 20.5 50,000
Misc. 474,000 68,000 108,000 80,000 25,600 3.5 66,000
|
5801-1°99
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3.0 CONTINUOUS MONITOR SYSTEMS

To determine the feasibility of continuous monitoring for each
source classification, a survey was made of the sources emitting greater
than 100 tons/year of any pollutant. The major source classifications
and the species emitted for each were then tabulated (cf. Section 2).
After classifying each source and the pollutants emitted, it was deter-
mined that the systems of greatest interest to this study were those with
the capability to measure NOX, 502, hydrocarbons, CO, particulate, and
opacity. Information was then gathered on specific systems for measuring

these pollutants.

3.1 Types of Systems

Currently available systems are generally divided into two classes:
extractive and in situ. Extractive systems generally consist of the follow-
ing elements: sample acquisition and conditioning, analytical instrumen-
tation, calibration and data recording. With in situ systems, the analytical
instrument is mounted on the stack or process stream duct. The photometric
and spectroscopic instruments used as in situ devicés consist of a light
source on one side of the duct and a detector on the other so that the
instrument éees the full width of the duct. <Calibration is accomplished
with calibration cells or optical filters. Data recording capability is

identical with extractive systems.

The gaseous pollutants of interest are currently measured using
either the extractive or in situ technique. Opacity is only measured using
in situ instruments. Particulate is generally measured using extractive
techniques although in situ instruments are in the development stage. Par-

8)

. . - - (
ticulate may be correlated to opacity under specific conditions.

3.2 System Description

The following paragraphs describe the characteristics of both the

extractive and in situ measurement systems.

3.2.1 Extractive Systems. The extractive system generally consists of
a sample acquisition and conditioning system, analytical instrumentation,

calibration and data recording.
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Sample Acquisition

Sample acquisition is usually accomplished with one or more probes
inserted into the stack or process stream duct. Multiple probes may be
required to ensure that a representative sample of the gas stream is obtained.
In cases where the process stream contains particulate, a filter may be
required to protect the sampling system and analytical instrumentation. The
most common method to accomplish this is to install a filter on the inlet
to the probe. Figure 1 is a drawing of such a probe. The filter elements can
be made of porous stainless steel, silicon carbide, or stainless steel mesh
with pore sizes varying from 1 to 50 microns. As the sample is pulled through
the element, particles collect on the filter. This eventually causes a high
pressure drop across the element, causing sample flow to stop to the
analyzer. This can be alleviated by installing a shield around the filter
element to prevent direct impact of particles on the filter element. Reverse
flow through the filter element can be periodically established with compressed
air, cleaning the filter. Scme particles may still remain in the filter
and eventually the filter may require replacing. The frequency of replace-

ment is dependent upon the particle lcading of the process stream.

An alternative approach to the filter removes solids from the
gas stream by "reflux" filtration. Externally the probe has the appear-
ance of an ordinary open tube probe. In operation, a large volume of
gas 1s withdrawn from the stack and a large fraction is forced back into
the stack at high velocity. The effect of the return stream is to shield
the end of the tube from particulate material, allowing only the gas

phase to enter. Figure 2 shows this type of probe (after Ref. 13).

Sample Conditioning

The conditioning system which i1s required to deliver the sample
to the analyzers in the proper state for analysis may be located at the
sample point or some distance away for convenience in installation and
maintenance. Due to the reactive nature of several compounds normally
found in combustion gases and process streams, the sample lines and
components should be stainless steel, high temperature fluorocarbon or
other suitably inert material. The sample transmission lire can be either
heated or unheated, depending upon the constituents to be measured and the

system design. Condensate must be avoided to eliminate flooding of
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components, loss of gaseous constituents due to solubility in liquid and
severe corrosion where 503 is present. Both steam and electrical tracing
are currently used for heating the lines with electrical heating the more
common of the two. The sampling system usually has an additional filter
to remove any particulate which may have entered the system. This filter
protects the pumps and analyzers from contamination. Motive power for
the sample is usually provided by a positive displacement pump. The
common types in use today are diaphragm and bellows pumps with inert

internal parts or inert coating of internal parts.

Condensate removal, where required, is usually accomplished with
a refrigerated condenser with stainless steel or Teflon internal parts.
Usually mechanical refrigeration drying temperatures range between 35° to
40°F to prevent ice formation in the cold trap, which would reguire per-
iodic defrostihq. Condensate removal after the heat exchangers can be
effected by various types of mechanical drain systems or traps. Corrosion
resistance is obtained with stainless steel or an inert plastic. A good
design provides minimum contact between the sample and the liquid conden-
sate and minimizes droplet carry-over. Traps are available with either

manual or automatic drain valves.

A permeable membrane dryer can also be used to remove moisture
from sample streams. This type of dryer uses a permeable membrane as a
desiccant and a dry gas for continuous regeneration. The dryer is designed
as a tube-in--shell configuration where the sample enters one side of the
membrane and the dry purge gas flows on the other side. Its advantage is
, NO, or NO

that the sample is dried with no loss of SO , and no moving

2 2
parts are involved. Figure 3 (after reference 14) gives a schematic of

this type of dryer.

Since all continuous analyzers used in these applications suffer
from interferences of some sort, sample pretreatment such as filtering
and drying is essential prior to analysis. As a result, the importance
of proper conditioning by tailoring the pretreatment system to the various
analyzer needs without compromising the validity of the sample cannot be
underestimated. Photographs of typical installations are shown in Figures

4 and 5. Figure 6 is a generalized flow schematic of a typical system.
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Continuous Monitor weatherproof
housing. Window provides view

of strip chart recorder, system
visual alarms and systems opera-

tional mode.

Continuous Monitor instrument
panel showing NOx, CO, and 02
analyzers, strip chart recorder,
automatic control panel, heated
line controller, and stack

selector control for monitoring

4 stacks in succession.

Figure 4. 5801-19°
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View of Continuous Monitor through
rear access doors showing sample
handling components such as pumps,

filters, refrigerated condenser and

controllers.

Figure 5.

Closeup of Continuous Monitor

sample handling components.
Printed circuit boards pro-
viding automatic calibration
and correction capability are
shown mounted in card rack

on side wall.
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Bnalytical instruments are currently available for measuring

gaseous emissions using non-dispersive infrared, chemiluminescent, UV
(16)

photometric, and electrochemical techniques

Non-dispersive infrared analyzers are currently being used to mea-

sure NO, CO, and 502 concentrations. These instruments measure the differ-
ential in infrared energy absorbed from monochromatic light beams passed through
a reference cell (containing a gas selected to have minimal absorption of
infrared energy in the wavelength absorbed by the gas component of interest)

and a sample cell through which the sample gas flows continucusly. The
differential absorpticn appears as a reading on a scale from 0 to 100 and

is then related to the concentration of the specie of interest by calibra-

tion curves supplied with the instrument.

Another commen method of detection of oxides of nitregen is with

the chemiluminescent technigue. The basis of this technique is the chemi-

luminescent reaction of NO and O3 to form N02. Light emission results

when electronically excited NO_ molecules revert to their ground state.

2
This resulting chemiluminescence is monitored through an optical filter
by a high sensitivity photomultiplier, the ocutput of which is linearly

proportional to the NO concentration.

The basic analyzer is sensitive only to NO molecules. To measure
NOx (i.e., NO + NOz), the NO2 is first converted to NC. This is accom-
plished by a converter which is included with the analyzer. The conversion
occurs as the gas passes through a thermally insulated, resistance heated,
stainless steel coil. With the application of heat in the presence of the
stainless steel catalyst, NO2 molecules in the sample are reduced to NO mole-

cules, and the analyzer now reads NOx. N02 is obtained by the difference in

readings cobtained with and without the converter in operation.

The UV photometric technique is used in determining gaseous con-

centrations of NO2 and SO2' This type of analyzer measures the differ-
ence in absorption of two distinct wave lengths (ultraviolet) by the
sample. The radiation from a selected light source passes through the
sample and then into the photometer unit where the radiation is split by

a semi-transparent mirror into two beams. One beam 1s directed to a
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phototube through a filter which removes all wave lengths except the
"measuring"” wave length, which is strongly absorbed by the constituent

in the sample. A second beam falls on a reference phototube, after pass-
ing through an optical filter which transmits only the "reference" wave
length. The latter is absorbed only weakly, or not at all, by the con-
stituent in the sample cell. The phototubes translate these intensities
to proportional electric currents in the amplifier. In the amplifier,
full correction is made for the logarithmic relationships between the
ratio of the intensities and concentration or thickness (in accordance
with Beer's law). The output is therefore linearly proporticnal, at all

times, to the concentration and thickness of the sample.

Electrochemical transducers are also currently used to measure NOx,
502, and CO. The electrochemical analyzers are polarographic instruments of

the membrane type. The gas being analyzed permeates the membrane and
is immediately oxidized at the sense electrode. The electrical signal
from the transducer is directly proportional to the concentration of
the gas being monitored. Response is linear over the range covered.

The transducer is designed to operate at atmospheric pressure.

Calibration

Calibration determines the relationship between the response of
an instrument or analytical technique and known values of the pollutant
being measured. Calibration of extractive systems usually involves the
introduction of gas samples of known composition into the system for the
‘purpose of producing a calibration curve or adjusting the analyzer res-
ponse to a predetermined value. The conditions are made to duplicate the

concentrations expected in the streams to be tested.

Summary

By careful attention to the potential problems, an extractive
continuous monitor system offers the following advantages:
o No limitation exists on stack, duct, or process line

size, temperature, or location. The monitor can
receive samples from any convenient and appropriate site.

o Dry basis analyses are provided directly, with an appro-
priate sample conditioning system.
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o Multiple units can be monitored by time sharing

o) Spatial information within the duct can be obtained
to derive additional benefiis regarding efficiency
and operating problems.

o Direct, automatic calibration is possible
The major potential problems to be considered are:

o Probes and filters are prone to plugging from high
particulate or reactive streams. Periodic mainte-
nance and/or purging systems may be reguired.

o Corrosion of system components may be a problem in
reactive streams.

o Response time is greater than in situ systems.
o Regular maintenance of several mechanical and
electronic systems is required.
3.2.2 In Situ Monitoring Systems. Typical in situ monitoring systems for
NOx, SOZ' CO, and HC consist of a light source, receiver, mounting assembly,
and recording instrument. Most in situ systems are based on some form of
absorption spectroscopy measuring in the ultraviolet, near-infrared, and/or

visible parts of the optical spectrum. In addition, opacity measurement is

done using in situ devices which are discussed in the next section.

Spectroscopy is based on the principle that when light passes
through a material, certain wavelengths are absorbed or reduced in inten-
sity. The wavelengths where the energy is reduced are specific to the
chemical composition of the absorbing media. The concentration of the
material in the light path is a unique function of the intensity of these
selected absorption lines.

Examples 6f the types of in situ absorption spectrometers commonly
used are a broad band system, second-derivative system, and a correlation
system.

The operating principle of the in stack correlation spectrometer
is as follows: sulfur dioxide has characteristic multiple absorption
lines, or a "fingerprint" in the ultraviolet region of the spectrum. By
physically comparing the absorption spectrum of the gas in the flue with
a photographic reproduction of the characteristic SO2 absorption spectrum,
the instrument is capable of producting an electrical signal proportional

to the sulfur dioxide concentration in parts per million by volume.
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Wide band absorption due to other gases or smoke is registered as
an increase in the average light level reaching the photomultiplier tube
(PMT). This is balanced out by comparing with a fixed DC reference and
changing the gain on the PMT until a null is achieved. The effect is to

compensate the AC signal representing the amplitude of the SO, absorpticn

2
spectra for changes due to smoke or other absorbing materials. Output of

the monitor is proportional to the concentration.

Second-derivative spectroscopy senses narrow band absorption. In
essence a second-derivative spectrometer measures the change in curvature
with respect to intensity. Second-derivative bands occur in the region
of sharp energy absorption by molecules. The second-derivative peaks
serve a dual role: (1) their wavelength locations identify the compound
of particular interest, and (2) the peak heights are a linear function of
concentration and are utilized for quantitative measurements. This
analyzer is a tuned derivative spectrometer in which the wavelength has
been set to the maximum of a second-derivative peak. The height of this
peak is continuously monitored, and it is a measure of the gas concentra-
tion present in the stream. The linearity of the instrument extends from

parts-per-billion to pure gas.

For a broad band system, the source emits polychromatic radiation
that is collimated in multiple beams, sent through the window, and across
the gas to be measured. A single beam from the source is used for each
spectral region. The polfchromatic-radiation is received through the

window and focused onto the entrance slit of the detection module.

A specially designed forced-air draft system is used to maintain

relative cleanliness of each window and to define the optical path length.

The detection module separates the beam into two sets of compo-
nent wavelengths which are selected to be the optimum choice for the

measured absorbing gas and the adjacent background (non-absorbing) signals.
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Both the absorption wavelengths and the background wavelengths are alter-

nately chopped and then measured by one detector.

The electronics module ratios the signal from the detector. This
signal is proportional to the mass of the gas present in the optical path
length. By knowing the absorption coefficient of the gas and the path
length, the concentration can be determined. The mass reading of the gas

can then be expressed as parts per million.

The ratioed signals are then simultaneously amplified and trans-
mitted to the continuous chart recorder. The typical calibration of in
situ absorption spectroscopy analyzers is generally accomplished in one
of two ways. The more common of the two is by using sample cells of known
gas constituent concentrations. Following is a typical calibration sequence

using this method.

This calibration involves setting the zero control, as well as the
full scale span adjust, and finally includes a determination of the shape

of the entire curve.

When a calibration check is made under operating conditions, the
analyzer is reading some gas concentration. Thus the zero level must be
checked by bypassing the stack gas. A separate light source is inserted
into the analyzer module. The zero level can then be adjusted. Next,
the full scale span setting is checked by inserting the proper amount of
calibrating gas into the light beam. Since absorption of radiation is
directly proportional to the number of molecules in the light beam, 10
ft of stack sampling path length containing 500 ppm of NO can be simulated

by using a higher concentration in a shorter path.

Sealed cells containing the concentrations of gases desired are
prepared, back-filled with nitrogen or air tc bring the total pressure
in the cell to atmospheric pressure, and then placed into the light bheam

for instrument calibration.

With both zero and full scale properly set, intermediate points,
typically 20%, 40%, 60%, and 80% of full scale, are now checked by insert-
ing the proper sealed cell with that equivalent gas concentration. The

proper aligmnment of the analyzer is now verified.
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The second technique is similar, only instead of using gas cells,

optical filters are used.

Summarz

The advantages of in situ systems are generally related to the fact

that a gas sample is not withdrawn for analysis:

o

o

The problems of sample extraction, transport, and
conditioning are eliminated.

In the case of stack-mounted systems, the cost and
complication of keeping gas samples above the dew
point through long sample lines has been avoided.

An individual unit is usually less expensive than
an exXtractive system.

High response times are possible.

The major potential problems to be considered are:

o

The location of the system is extremely important

in order to insure a representative sample. Flow
and/or concentration variations over the unit operat-
ing range must be defined in order to accurately
locate the system.

Limitations for the location of in situ monitors

are presented by the size of the duct, duct pressure
changes, and duct flow rates which are not important
for extractive systems.

In order to protect the "eye" of the analyzer from
dirt and aerosols, filtered ambient air must be
continuously blown in front of the sensor into the
process stream.

Temperature compensation and alignment must be care-
fully provided where variations in process conditions
occur.

Due to the single path composition average, the in situ
system does not have the capability for measuring and
defining the spatial distribution of gases within the
stream.

If stack flow rates vary significantly, the penetration
of ambient air (i.e. the air used to keep the window
clean) into the stack may introduce some error. The
significance of the error would, of course, be increased
as the size of the stack decreases.

Each source reguires its own monitor.
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3.2.3 Opacity. Only in situ systems are available to measure the visible
emissions opacity of the stack gases. The transmittance of a gas is
defined as the fraction of radiant energy (in this case, light) which
passes through a energy absorbing layer, the gas in the smokestack or
duct. Within this same context, opacity can be defined as the ability

of the gas to obstruct the transmission of light as a result of scattering
and absorption by the particles. As the transmittance cof a gas decreases,
its opacity increases according to the amount and type of particulate
matter entrained in the gas. The copacity of a gas is then determined by
measuring the amount of light from a source of known intensity which
passes through the gas. The opacity monitors generally consist of a light
source, a detector, and electronic circuitry for providing a signal
proportional to stack opacity.

The measuring beam of these transmissometers is projected across
the entire diameter or width of the smoke channel to a detector, or in
.some cases, a retroreflector. The systems are insensitive to ambient
light since they respond only to light chopped at one frequency. The
light source can be either an incandescent lamp or a laser source. Opacity
transmissometers, as with all in situ monitors, must have optical surfaces
protected from the gases which are being measured. Once again this is
generally accomplished with an air curtain furnished by an integral blower
or compressed air. Output from the instrument is transmitted to the control

room where an indication of opacity or transmittance is displayed.

Since the absorption and/or scattering of light radiation by a
particle depends upon the optical and geometrical properties of the parti-
cle, light-transmission measurement alone does not generally provide suffi-
cient data for determining the particulate mass concentration in the aerosol.
In order to accurately measure the mass concentration of an aerosol by
light-transmission techniques, the density, refractive index, and the shape
and size distribution of the particles must remain conétant. In actual
practiee, the relationship between mass concentration and light trans-

mission must be established by calibration.
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Calibration in dust loading is valid only as long as the particle
size distribution and other particulate properties do not change signifi-
cantly. In order to establish the accuracy of a transmissometer over a
range of emission rates and process conditions, a large number of calibration
points (at least 12 to 15) must be obtained, and the regression line and

coufidence limits must be statistically determined.

3.2.4 Particulate Matter

The continuous measurement of particulate matter in a stack or
process stream duct is the least developed of all the measurements of
interest to this study. A number of measurement techniques have been
evaluated and the beta radiation attenuation technique defined as the most
promising. These instruments measure the concentration of particulates
through the use of B-radiation absorption characteristics of collected
particulate matter. The transmission of low energy B-radiation depends
almost exclusively on the mass per unit area of the absorber. The
maximum energy of the R~radiation and is independent of the chemical

composition or the physical properties of the absorbing matter.

The particulate material is collected from a measured volume
of stack gas on a fiberglass filter tape. Using a Carbon-14 B-radiation
source and a detector, the filter tape is radiometrically measured before
and after sample collection. The ratio of the two radiation count rates
is used to determine the concentration of the collected particulates. The
sample volume is determined by regulating the sampling period and the
gas flow rate. Throughout the sampling period, the gas flow rate is held
constant and is continuously indicated. As a result, the weight of par-
ticulate per unit volume is obtained.

Particulate mass monitors require an extractive sample system to
deliver the particulate to the analyzer and therefore require the same

considerations in design as do extractive gaseous systems.
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3.3 Current Systems Available

Tn order to determine the availability of systems to continuously
monitor various source classifications, information regarding the avail-
ability of monitors was reguired. Information on system characteristics
was solicited from major manufacturers for this specific purpose. Requests
for information were sent to 14 manufacturers of monitoring systems. The
information requested included data on system performance, operational
requirements, special features, and approximate cost. A listing of the
organizatibns contacted, a summary of the systems they have available,
and a sample questionnaire, together with a definition of terms in the

questionnaire, are included in the Appendix.

The results indicate that the application of continuous monitoring
systems for measuring gaseous poliutant emissions has been feasible for
several years. This judgment is based on the field-demonstrated ability

of currently available NOx, SO cO, HC, and opacity monitoring systems

2'
(both extractive and in situ) to meet the proposed EPA performance speci-

fication (Ref. 3) for NOx, SO2, and opacity systems summarized below:

Table 3-I. Performance Specifications (Applied to Gaseous

Measurements)
Parameter Specificaticn
*
1. Accuracy . <20% of reference mean value
2. Calibration error < 5% of each (50%, 90%) calibration

gas mixture value

3. Zero drift (3 hours)** < 2% of emission standard
4. Zero drift (24 hours) < 4% of emission standard
5. Calibration drift (2 hours)* < 2% of emission standard
6. Calibration drift (24 hours)* < 5% of emission standard
7. Response time 15 minutes maximum

8. Operational pexriod 168 hours minimum

*Expressed as sum of absolute mean value plus 95% confidence interval
of a series of tests
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Table 3-II. Performance Specifications (Applied to Opacity

Measurements)
Parameter Specification
1. Calibration error <10% of test filter value®
2. Zero drift (24 hr) <10% of emission standard®
3. Calibration drift (24 hr) <10% of emission standard”
4. Response time 10 seconds maximum
5. Operational period 168 hours minimum

*Expressed as sum of absolute mean value plus 95% confidence
interval of a series of tests

The technology for continuous measurement of particulate matter (in
terms of weight) has not yet been developed to the same extent that gaseous
measurement systems have. As a result, there are not sufficient current

quantitative standards by which relative performance can be judged.

Again, the systems of interest were those with the capability to
measure the following emissions: NOx, 802, SOZ' HC, CO, particulate, and
opacity. The study was limited to these five individual and one combined
classifications since it was found that these systems would monitor about
90% of the sources in the state which emit greater than 100 tons/year of

any of the pollutants considered. The data which were received were sum-

marized and tabulated in Tables 3-III through 3-IX.

The data presented under System Performance shows all the systems
to be well within the proposed EPA performance specifications. The quoted
high system accuracies are surprising however, since the variability within
the reference method itself against which accuracy is measured (i.e., PSDA
for NOxX) probably accounts for the rather wide EPA accuracy specifications

of < 20% and does not seem to be reflected in most of the manufacturer's data.

Although data was requested on system maintenance (see Operatiocnal
Requirements in tables), very little information was made available which

would allow an estimate of the manpower and cost required for maintenance,

repair, and expendables. The limited data which was provided, however, al-

lowed an estimate to be made that very roughly from 0.5 to 4% of the initial
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capital cost will be required per month to completely maintain the system.
Of course the maintenance required is a function of the application of

anvivronmental conditions, corrosiveness of the flue gas, etc.

The cost data submitted indicate that monitoring systems for mea-
suring a single gaseous emission are available in a range of from $5,000
to $40,000 depending on the installation. The most frequently quoted cost
is approximately $10,000 for a single gaseous measurement. The cost for
two measurements (NOx and SOZ) is slightly higher; $3,000 to $5,000 greater
than a single measurement. The cost for installing a system for measuring
opacity ranges from $2,000 to $15,000. It should be emphasized that these
prices are FOB factory for so-called "minimum systems"”. Addition of optional
features such as automatic calibraticn or other automatic functions, alarms,
or additional sample points in the case of extractive systems, can signifi-
cantly increase the costs. Many of these systems are tailor-made for a
specific application, and the engineering required will also affect the price.
Finally, the cost of installation and start-up must also be considered as
it is highly variable, depending on location, application, and complexity

of the system.

The most feasible technigue for measuring particulate mass appears
to be the beta attenuation method. The operation of these instruments is
based on the principle of beta absorption which yields an accurate mass con-
centration independent of the particulate characteristics. Consequently,
their performance is not affected by variations in particulate composition,
optical characteristics, particle size, or other physical and chemical
parameters of the collected sample. The price range for a continuocus parti-
culate monitoring system is from $15,000 to $25,000. The existing particu-
late measurement techniques employ extractive sampling. At least one manu-
facturer is currently developing a system which will be installed in the
stack and will not require an extractive sampling system for operation.

The manufacturer estimates that this particulate monitor will be available

within one year.

A significant cost savings can be realized where several devices
in close proximity are to be monitored with an extractive system. A single
sample conditioning system and instrument package can be used with automa-

tically sequenced valves on the sample lines to obtain the required data.
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' The additional cost above the basic continuous monitor system price would

be only about $400 per additional sample (for a 50-foot line length).

The measurement units of all the gaseous pollutants are in terms of
parts per million, or percent by volume. As a result, any change in the
level of excess air in the flue gas due to variable operating conditions or
leakage into the duct results in a lowering of the measured concentration
of the pollutant. This result is very misleading since on a mass basis the
level of pollutant emissions may not have changed. This dilution can be
taken into account, however, by measuring the level of oxygen in the sample
and correcting the concentration of pollutant to a constant reference level
such as 3% 02. Naturally, the oxygen should be measured at the same loca-
tions as are the emissions. With the data in this form, comparisons can
readily be made on an absolute basis, and the data preéented in a meaning-

ful form. As an added advantage, O. measurement can provide valuable opera-

tional information. There are a nuiber of oxygen analyzers commercially
available which can readily be added to the extractive systems described.
They range in price from §1,000 to $3,000. An in situ oxygen analyzer is
also available. This probe-type analyzer consists of a heated electrochem-
ical cell which is inserted directly into the flue gas duct. Because of

stratification in the duct, the proper location of this type of probe is

very important. Price of the probe is in the $3,000 to $4,000 range.
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4.0 EMISSION RATES IN MASS UNITS

The continuous monitor systems discussed in Section 3 all provide
volumetric concentration of the pollutants measured. Measurement of the
mass rate of pollutant flow may be desired for purposes of total damage
estimates or regulation compliance. This can be done with existing tech-
nology. A variety of techniques can be used. In the absence of any defi-
nitive information from monitor manufacturers, the use of standard process

industry computing modules was considered for this study.

4.1 Mass Rate of Emissions from Stacks

Continuous readout of the mass rate of emissions is possible for
several of the source categories discussed in Section 2. In order to accom-

plish this for gaseous pollutants (NOx, SO CO, and hydrocarbons), the con-

5t
tinuous monitors described in Section 3, which provide volumetric concentra-
tion measurements, must be combined with either stack or fuel flow instru-
ments and appropriate calculational networks. At least one of the manufac-
turers contacted stated that they offer this option. The approach for

particulates, while related, requires the use of beta instrumentation in

conjunction with stack and/or fuel measurements.

4,1.1 Stack Flow Approach for Gaseous Pollutants. The determination of
stack gas flow rate can be accomplished by measuring the velocity and
temperature distribution over equal area sectors at a given station and
summing the results. Standérd procedures for selecting the number and
location of these sectors are well documented(ls). In oxrder to use a
single measurement point to characterize the flow, the velocity distri-
bution should be determined and a correction factor derived for the single
(3)

point measurement . After determination of a correction factor, the

volumetric flow is given by

Qe = klv Ay (4.1)
where Qe = volumetric flow rate, ft3/min

kl = empirical constant

v = wvelocity, ft/min

Ad = duct area, ft2
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include pitot probes, vane type meters, propeller meters and thermal meters.

15
Of these, the preferred type for flue gas environment is the pitot probe(

pressure transmitter and temperature probe must also be used.

Several methods for determining the velocity are available.

These

In order to utilize the pitot probe in a continuous monitor, a

Figure 7

is a schematic of a continuous monitor system employing a pitot probe for

stack flow determination.

The basic components required are pitot probe,

differential pressure transmitter, pressure-to-current converter, thermo-

couple, thermocouple transmitter, division module, square root transmitter,

multiplication module, and recorder.

axr e:( 15)

The basic relations for each component are:

Output-Input Relation

By

The basic equations from which the module constants must be derived

Vv =

Multiplying by KlpAd to get mass flow gives:

=
]

For a molecular weight of 29 and a pressure of 1 atm,

=
il

where

(4p)

pa(Ap)

K, T

2

K, {K4E1/K5E2]
KeVEs

K. K_E K_E

7874975

1096.5 vAp/p

65,790K A 4 Volhp

414,700K A4 VAp/T

Component Code

P/I

TCT

exhaust velocity, ft/min

exhaust mass flow, lb/h

pitot pressure difference, inches H

temperature,

°R

duct area, ft2

empirical constant determined by probing
the duct at this station
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The mass flow of pollutant "1" is then given by

M
€1
m, = Cl g W (4.5)
1 e
where Mc = the molecular weight "1" (e.g., 46 for N02)
1
Me = the molecular weight of the exhaust gas
Cl = volume concentration of "1" from the

continuous monitor

All the components shown are standard process instrumentation com-
ponents. Estimates for complete systems range from $1450 to $1600 above

the cost of the basic continuous monitor packages.

4.1.2 Fuel Flow Approach for Gaseous Pollutants. An alternative to
measuring the stack gas flow rate is to measure the fuel flow, flue gas
oxygen, and pollutant concentration. Any number of reliable fuel flow
meters can be used. It will be assumed for purposes of this study that
the fuel flow meter is already installed and provides a signal of the form:

. 2

m, ) (4.6)

‘

E, = Ej(

(such as would occur for a venturi meter with an electronic differential
pressure transmitter). With this signal, the arrangement of Figure 8

would provide an indication of the mass flow rate of pollutant "1".

The basic component relations of Figure 8 are

Output—-Input Relation Component Code
Eg = /E_:; SRT
Eln T FrofiiFofio% AXB,
E, = 'Ell + 7, ' SIM,
Bjz = Kz (Bg/KpuEp) - BDBy
Eis = B3+ % SIM,
Bl = KisfieBis¥i7%e AXBgy
Ei6 = Fig¥10F13%00%7 AXB,
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Output-Input Relation Component

E18 = E16 + El7 + Z3 SIM3
Elg = Ky (Bg/K52,) ADB,
Bao T ¥23%24B10%25%10 AXB,
By T X6X97%20%28%s AXBg

The basic combustion relations from which the instrument constants

need selection are:

(4.77 + .94E)[02]

X = g0 - (4.77) [0, ] .7

“e _ 44.01 + 32.00% + (3.77)(28.02) (1 + .25E + X) 4.8)
ﬁf 12.01 + 1.008E -
and
M .
€1 me
m = —= C, m_ = (4.9)
cl Me 1 £ m,
where E = hydrogen/carbon atom ratio in fuel
[02] = measured flue gas oxygen concentration,
ppm by volume, dry
ﬁe = exhaust gas mass flow (e.g., 1lb/h)
ﬁf = fuel mass flow (e.g., 1lb/h)
Cl = measured concentration of pollutant "1"
MC = molecular weight of pollutant "1"
1
Me = molecular weight of flue gas
m = mass flow of pollutant "1" from stack
€1 {(e.g., 1lb/h)

These relations apply for thé case of a hydrocarbon fuel. In
order to utilize the block diagram of Figure 8, an average, constant
value for E and for Me must be known and used. If the fuel consists of
CO and diluents such as N_ and CO_ of relative fractions Z, ¥, W, then

2 2
equations (4.7) and (4.8) become:
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=)

[o,1]
_ 2
X = 155 2.7710,] (4.77 + 2.89Z + W+ Y + ,94E) (4.10)

He

_e (1 + Z + W) (44.01) + (X) (32.00) + [(1 + .25E+X+.5%7) (3.77)+Y] (28.02)
12.01 + (E) (1.008)

=0
H

(4.11)

which results in the same basic instrument block diagram, so long as the

fuel concentrations are known and constant.

The complexity of the instrument arrangement is somewhat greater
for the fuel flow rate method than measurement of the stack gas flow rate.
Combination of several of the elements and inclusion of scaling modules
can result in a much simpler installation than that of Figure 8. Estimates
for this type of monitor computational network range from $1,700 to $1,900.
Calibration and maintenance requirements are of course greater due to the

greater number of instruments.

4.1.3 Particulates. Continuous measurement of particulate mass flow
presents many difficulties not encountered when measuring gaseous pollu-
tants. Opacity can be measured by any of several commercially available
instruments discussed in Section 3. This parameter has been accepted by
the EPA in their proposed standards( 3) as being representative of the
particulate loading. However, since this parameter is proportional to

the particle number density and particle size, it does not provide a
measure of the mass concentration(lz). The only mass concentration meter
used extensively is based on absorption of beta radiation by a particulate
sample collected on a filter. One such device, discussed in Section 3, is
automated to collect a 5-minute sample on a 9 cm2 filter area, advance the
filter tape to a beta source and geiger counter, and electronically calcu-
late the concentration from the number of geiger counter events and the
measured gas flow rate. The result can be given as grains/ft3. All that
remains then is to use that output with either the stack flow circuit of
Figure 7 or the fuel flow-flue gas oxygen circuit of Figure 8 to get the

total particle emission mass rate. For example if a signal proportional to

the concentration is obtained from the particulate meter:

6l
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p. = kE (4.12)

P pPp
where pP = particulate density, grains/ft3
Ep = instrument signal
kP = proportionality constant

Then the mass flow is given by:

pOTe
m = .00857p Qe T (4.13)
p P P.%o
where ﬁp = particulate mass rate, lb/h
po = standard pressure, atm
TO = standard temperature, °R
pe = stack pressure, atm
Te = stack temperature, °R

Figure 9 is a block diagram of this type of installation. The total addi-
tional cost should consist of two additional calculational modules and the
particulate meter and sampling system itself. Of course, in order to gain
a representative sample, the probe must be isokinetic and if it is at a
fixed position, an empirically determined correction factor must be used.
The probe of one such instrument has a programmed variation in probe posiF

tion in order to obtain an averaged sample,

A method of determining mass flow has been discussed which involves
the processing of analog signals. Digital methods can also be used but
will be more expensive unless several devices are processed or unless a
computer is available at no cost. The method conSideréd uses "off-the-
shelf" process industry components and has a cost of about 10% of the basic

monitor cost.

4.2 Other Devices

The mass flow from non-combustion devices such as solvent tanks,
cement loading bins, aggregate screening installations which discharge pollu-

tants through an exhaust hood and ducting can also be determined by the
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methods of 4.1.1 and 4.1.3. Since there is nc combustion, the fuel flow
method of 4.1.2 cannot be used. Instead, the exhaust gas velocity and
temperature must be determined as described in those sections. The pri-
mary pollutants emitted in this category are hydrocarbons and/or particu-
lates. As discussed previously, devices which have area-distributed emis-

sions do not appear to be amenable to the use of continuous monitors.
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5.0 DATA HANDLING TECHNIQUES

The problem of data management and reporting is very significant
when considering the application of continuous monitors statewide. The
processing of data from over 700 sources with an average of two to three
contaminants each would present many difficulties if conventional manual
recording and reporting were used. The current EPA proposed requirements
for emission monitoring(3) call for a sampling, analyzing, and data record-
ing cycle of 1 min. for opacity, 15 min. for SOZ' NOx, and 02, and one hour
for all others. The most controversial of these is the use of a 1 min.
opacity cycle to estimate particulate emissions. Because of the difficulty
in relating these parameters, substitution of a particulate meter with its
5-min sampling period may be more satisfactory. The frequency of reporting
is four times a year (each calendar quarter) and includes the magnitude of
emissions, all periods of excess emissions, and any malfunctions. In addi-
tion, the owner or operator is required to maintain a file of all measure-
ments and qualification tests for two years following the measurements.
Thus the storage requirement for a single source with the three contaminants
listed is 1,260,000 entries identified by type, date, and time. The philo-
sophy behind these frequent sampling reguirements appears to be an attempt
to record the maximum rate and violations rather than an integrated total.

If an integrated total was desired, the sampling frequency and data storage

could be markedly reduced.

Several alternatives to manual data handling techniques can be con-
sidered. They are: (1) Serviced processing system (SPS) and (2) Real time

processing systems.

In each case, the method of data storage is magnetic tape oxr disc.
The method of data analysis and report generation is with a computer (pro-
cessor) and printer. The display method for the operator differs in that
the first method uses continuous monitor recorders, while the real time

systems typically use a CRT or similar display.

5.1 Serviced Processing System

The SPS requires only the installation of a multiplexer and analog -
to-digital converter and tape writer with each continuous monitor or group
of continuous monitors. As such, it is the least expensive data handling

system and is most suitable for smaller companies or those with only a few
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sources. The display is obtained with the standard or mass rate option
continuous monitor instruments and recorders. The data storage sequence
begins with the tape writer (either cassette or reel). In order to

reduce the data, obtain the final storage form and prepare reports, the
tapes are collected periodically, taken to a service facility, fed into a
tape reader which inputs the data to a processor (computer). The processor
is programmed to reduce the data and prepare a report in the proper form.
The processor enters the data in the final storage form, Magnetic tape or
disc. It is anticipated that the storage for smaller users would all be at
this service facility and the records would be available for government
agency inspection or other usage. The old cassettes or tape reels would

be returned to the operator for reuse or storage at that location. A block
diagram for this system is shown in Figure 10 . Another variation could be
a dual cassette tape writer which could be used to relay the information

to the service facility by phone lines.

Examples of suitable data acquisition systems were obtained from
manufacturers. One such unit multiplexes the analog data from up to 20
sources (channels) and converts it to digital form upon periodic, operator
selected‘intervals. The digitized information is then read onto a cassette
or 9-track IBM tape. . For the full 20 channels and a 15-minute interval,
each cassetfe would last 65 days. Thus only six cassettes per year would
be required for the data storage for three stationary sources having all
five pollutants measured. Table 5-I shows the variation of tape life with
record interval. Storage of opacity data at the l-min. frequency required

by the EPA standards would increase the number of cassettes to 18 per year.’

The estimated cost for this type of system is $5300 for the physical
tape collection option. For the dual tape cassette option, the installed
cost would be $9500. The estimated cost of tape handling, processing,

report preparation and distribution and storage would be about $400/mo.
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Table 5-I. Variation of Cassette Recording Duration
Depending upon Data System Initial Setup

Record Days of Recording Capacity on Cassette
Interval 10 Analog 20 Analog
(Minutes) 10 Analog + 4 Pulse 20 Analog + 4 Pulse

1 9 6.3 4.5 3.7,
5 44 31 22 18
10 86 62 43 36
15 126 91 65 54
30 234 180 125 105
60 411 312 234 198

Another data acquisition system to satisfy the requirements of
data handling was quoted by another firm. This unit handled 8 channels
of data and includes a digital clock channel. The cassette life for a 1
minute recording frequency is 510 hours. The estimated cost was about

$9,000 with an additional $3,000 for a dual cassette recorder.

5.2 Real Time Processing System

The basic technique of this type of system is real time data reduc-
tion as opposed to data gathering followed by off-line processing. As a
result, it is suitable for installation with many devices because of the

greater unit expense and the real time data reduction feature.

Each device is provided with sensors for NOx, SO o) CO, opacity,

’ '
particulates, unit load, oil fuel flow and/or gas fuel fiow.2 all of the
sensors from all sources at a plant are multiplexed for eventual processing
by a computer. The real time readouts of reduced, processed data can be
located either at each individual plant site or at the central control sta-
tion. The stations would be connected by either telephone lines or micro-
wave lines. The advantages of this more complex system result basically
from the real time data generation capability. In addition to gathering,

reducing, and reporting data, the system can provide on-line operating and

emission information.
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Many different proprietary approaches to designing these systems
exist. In general they all provide a centralized information receiving
and control capability for emission sources which may be physically
separated by large distances. Many special features such as cathode ray
tube display, real time data processing and report printing, and telephonic

data transmission can be provided.

Cost and reliability will be guite variable depending on the indi-

vidual manufacturer's system design.
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6.0 TYPICAL APPLICATIONS

In this section, layouts of several typical systems which show the
major components and possible locations of these components for a typical
emission source are presented. The device used as an example is a forced
draft boiler with a rotary air preheater and an electrostatic precipitator.
For purposes of these examples, this boiler is assumed to produce substan-
tial quantities of all five pollutants., Ninety percent of the devices con-
sidered have only one or two pollutants but in order to illustrate a system
of maximum complexity, all five were considered. Since the sources with
more than two pollutants are generally power plants or large refinery heaters,

they contribute much more than 10% of the total emissions.

The layouts show the necessary functional units and where they
are located in the system rather than attempting to show how each of
these functional units operates. The details of how various modules

operate is discussed in Section 3.

Four systems are presented, complete and minimum systens which
make maximum use of extractive type analyzers and complete and minimum
systems that make maximum use of in stack analyzers. The complete systems
include all available features so that the most reliable data is obtained
with a minimum of maintenance and data handling. That is, all calibration
and data recording and reducing occurs automatically, without operator
intervention. Conversely, the minimum system requires operator interven-

tion for calibration and data reduction.

6.1 Complete Extractive System (Figures 1} and 12)

A series of piobes which give a representative sample of gaseous
pollutants is used as opposed to a single point probe; Since in most
cases there are substantial concentration gradients across a duct, either
a multipoint sample system must be used or a representative single point
must be located. The EPA has devised a procedure(3) for locating multiple
sampling points so as to assure a representative sample. Locating the
representative point (a point which can vary with load or may not exist
at all) requires considerable experimentation. A correctly designed
multi—probe system will extract a representative sample under all condi-
tions. Also, with a number of probes, if one probe plugs or otherwise
fails, a workable system remains in operation with a moderate degradation

in accuracy. n
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Since there are probes at several locations, it is possible to map
out concentration gradients of the wvarious pollutants. Sometimes such
information can be used to improve combustion efficiency and locate mal-
functions, since, in many cases, concentration gradients which are
created at the burner face are retained all the way through the fire box
and duct work. For example, high CO readings when there is apparently
sufficient combustion air is indicative of a bad burner or burners in a
multi-burner installation. Where the CO concentration is considerably
higher in one area of the duct than another, the location of the bad burner
can be estimated. For example, if the CO concentration is very high in
the lower right section of the duct the indication is that a burner in the

lower right side of the burner face is malfunctioning.

Since some of the pollutants are water soluble, the sampling system
must be designed such that no water is allowed to condense. The easiest way
to prevent condensation is to heat the sample lines.  Therefore, this sys-
tem uses heated sample lines between the probe and the sample conditioning
module. These lines are electrically trace heated to about 150° to 400°F
depending on the gas stream composition (steam trace heating is another pos-

sibility in environments where an explosion-proof system is required).

The individual sample lines are brought together in a £low balanc-
ing module. The purpose of this module is to assure than an equal volume
of sample is pulled through each probe, and hence a representative sample

is obtained.

From here the sample flows to a sample conditioning module. 1In
this module the sample is dried and filtered as necessary. For simplicity,
the schematic shows only one line running to the instruments, although in
practice the samples going to each analyzer are conditioned as necessary
for each individual instrument. That is, some analyzers require that the
water be removed while for others the water cannot be removed without

losing the sample.

An 02 meter and a fuel flow meter are included. With the excess

O2 level, the fuel flow and the knowledge of the fuel composition,

the mass stack flow rate can be calculated, and, as was pointed ouk
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earlier, measurement of the O, is very valuable in adjusting a combustion

2
device for maximum efficiency.

The particulate analyzer is eguipped with a moving probe which
serves the same function as the multiple probe system for the gaseous
emissions. As the probe moves across the duct it integrates the parti-
culate concentration gradients continuously. This type of system requires
that the analyzer be located at the sampling location at the stack or
duct. As was pointed out in Section 3, this type of monitor does not
provide a continuous output, but instead samples for five minutes and
then analyzes the collected sample.

All of these instruments are automatically calibrated periodically
without operator intervention.

The outputs from all the analyzers and the fuel flow meter are
fed to the data handling and calculation module., In this unit, the analog
signals from the analyzers, which are in concentration units, are input to
the calculational network to provide emission information in mass units.
This information is transmitted to a strip chart recorder in the control
room. The recorder provides the operator with real time information
regarding the current emission rates. The same information is sent to a
multiplexer, A/D converter and tape writer (data storage and processing
module) which stores the emission information and tags it with the date

and time.

6.2 Minimum Extractive System (Figures 13 and 14)

This system has a single point probe for sampling gaseous emissions.
As was pointed out earlier, use of this type of sampling system entails a
series of tests to determine a position for the probé such that a repre-
sentative sample is obtained. Similarly, since a non-moving prcbe is used,
a representative particulate sampling point must be determined (the two

representative points do not necessarily coincide).
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F1cure 14, MINIMUM EXTRACTIVE SYSTEM: SAMPLE HANDLING,
ANALYZERS, AND DATA RECORDING.
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The mass flow rate here is measured by using a pitot tube to
measure the velocity of the exhaust gas. In order to give an accurate
mass flow rate, the velocity measurement must be made at a carefully
chosen point so as to assure a representative stack velocity. Additiocnally,
it is advisable to locate the pitot tube a sufficient distance downstream
from any flow disturbance such as air preheater wheels, electrostatic
precipitators, bends in the duct work, etc., so that such disturbances
do not interfere with the velocity measurements. In most cases it is
assumed that a point 8 duct diameters downstream from a disturbance is
sufficient to allow accurate velocity measurements£3)ln this system, the
pressure differences measured by the pitot tubes are converted to an

electronic signal at the stack.

As in the previous system, the particulate analyzer is located
at the stack or duct. A heated line carries the gaseous sample to the
sample conditioning module. The outputs from the pitot tube, particu-
late analyzer, and gaseous pollutant analyzers are recorded on a strip

chart recorder.
211 instruments in this system are calibrated manually.

This system would require probably three to four full timé
operators if the stipulated EPA measurement freguencies are met, since
all of the data manipulations must be done by hand. As was pointed ocut
in Section 3, a very large number of data points must be stored and used

in writing the necessary reports.

6.3 Complete In-Stack System (Figures 15 and 16)

In this system opacity, SOz,NO,NOZ, HC, and CO are measured opti-
cally in the stack. Oxygen is measured with a typical extractive system.
Possible alternatives to this method to measure oxygen with a separate in
situ oxygen monitor or a CO2 monitor if approval of the regulatory agency

can be obtained.

A major difference between this system and the extractive system
is that opacity rather than particulate concentration is measured. This
requires that a series of particulate tests be conducted in order to deter-
mine particulate concentration as a function of opacity if the actual mass

flow rate or weight concentration of particulates is to be determined.
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Both NO and NO2 can be measured but this requires either two

instruments, or one instrument that measures NO and NO2 alternately.

That is, NO and NO2 cannot be measured simultaneously.
All instruments in this system are calibrated automatically.

The data handling system is similar to that for the complete

extractive type system.

6,4 Minimum In-Stack System (Figures 17 and 18}

The basic difference between this in situ system and the previous
system is that the stack mass flow is determined by measuring the stack velo-
city rather than fuel flow and excess 02. As in the case of the Minimum
Extractive System, the data is recorded on a strip chart recorder. The
same data handling problems exist here as do in the Minimum Extractive

System.

6.5 Fuel Cost Savings

As was pointed out in Section 6.1, frequently a well-designed
monitor system can help solve combustion problems by locating bad burners.
A more direct benefit is available when O2 (oxygen), CO, and HC monitors
are available. Since these systems continuously monitor the basic combus-—
tion parameters, the operator can fine tune the combustion process to

optimize fuel economy.

When a combustion process produces CO or HC or both, the fuel is
being incompletely burned and therefore, less than full heating value is
being obtained. In addition to the safety hazards which result from
these pollutants being present, fuel efficiency is lowered because of the

incomplete combustion.
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The amount of heat that is lost due to high CO levels can be
estimated from Figure 19. For example, if an oil-fired 80 MMB/h boiler
(68,000 lbs steam/h) runs at 80% load, 80% of the year, it will burn
about 71,000 barrels of oil in a year. If the CO level is reduced from
5000 ppm (0.5%) to O ppm (0.0%), approximately 2.7% of that fuel would
be saved. The fuel savings would be 1917 barrels, or about $19,000 ( at
a cost of $10/bbl). Similarly, according to Figure 20, at a stack temper-
ature of 300° P, if the 02 level could be reduced from, say, 2.5% (80%
excess alr) to 3.6% (20% excess air), the fuel savings would amount to
1775 barrels, or about $18,000. (The savings due to reduced O2 levels
were calculated assuming that the stack temperature would remain the
same; in fact, the stack temperature would probably increase slightly
and therefore, the savings would be slightly less. However, the general

trend remains the same.)

6.6 Procedure For Implementing Continuous Monitoring

This section presents an outline of a typical sequence of events
between the time the notificaticn is received from a regulatory agency
that a continuous monitor is required though the time an operating system
is on line. This outline is not intended to be a check list, but more of
a starting point for those who have limited knowledge of the types of
decisions that need to be made, the types of problems likely to be
encountered and the requirements regarding installing and operating a
continuous monitor system.

Determine and/or verify that a continuous ﬁonitor system is
required. '

o In cases where the monitor requirements are stated in

terms of device size, determining applicability of the
requirements are straight forward. However, in cases where
the requirements are stated in terms of actuai emission rates,
it may be advisable o conduct a source test to determine
the actual emission rates. Large operations sometimes have
"in-house" source test capability. Others can engage

outside firms that specialize in such tests. The time
required to plan and conduct a series of such tests is in

the 2-12 week range.
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Figure 19. Effect of CO Concentration on Stack Heat Loss
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Figure . 20. Effect of Excess Air on Stack Heat Loss
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Once it is clear that a continuous monitor system 1s required the

suppliers of continuous monitor systems should be contacted.

o}

The suppliers can provide detailed information on types
of systems available, features, costs and applicability.
Once an understanding of the type equipment that is
available and the costs involved is obtained, a set of
functional system specifications should be prepared.
Several equipment suppliers are then solicited for
design and cost proposals. In selecting the monitor
system, the following factors should be considered:
initial cost, maintenance requirements, manufacturer's
field experience, whether installation and startup are
included, manufacturer's warrantee, and special fea-
tures such as automatic calibration, automatic probe
cleaning, etc. The system will ;equife approval in

accordance with the regulatory agency regulations.

Install monitor system and train personnel.

[¢]

The installation will generally be done completely by the
system supplier. The down time required for installation
will vary considerably depending on the details of the
installation. Some systems can be installed with zero
down time if suitable sample ports exist. As much as

48 hours may be required for some of the more complicated
in situ systems. From this standpoint it might be advis-
able to plan the installation to correspond with normal

down times. The time and complexity of the necessary

personnel training program depends primarily on the sophis-

tication of the system that is selected. Where the most
complete system is installed, the only substantial man-
power requirements are those involved with the pericdic
maintenance of the system and replacement of the data
storage tapesi} Where a minimum system is installed, in
addition to the routine maintenance requirements, per-
sonnel must be trained and made available to calibrate
the system very frequently (say, every 2 to 8 hours) and

extract, reduce, and record the emissions data.
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Final check of the system accuracy including comparison between
monitor system and reference method.
o] The proposed EPA monitor regulations(3) specify that after
a 1 week conditioning period, a test of the monitor systems
against a reference method will be required to assure that
the system is accurately measuring the emissions.

At this point the system is on line and operating.

Periodic calibration and maintenance will be required in accordance

with the manufacturer's specifications and regulatory agency regulations.
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7.0

CONCLUSIONS AND RECOMMENDATIONS

A series of conclusions regarding the technical and economic fea-

sibility of continuously monitoring the five major péllutants is presented

in this section. Additionally, a series of recommendations is presented

which will help minimize the technical difficulties associated with install-

ing a large number of continuous monitors and efficiently using the data

that is generated.

7.1

Conclusions

Of approximately 1300 devices emitting more than 100 tons/year of

the pollutants considered, about 700 devices could effectively employ con-

tinuous monitors.

In most of the remaining sources it is difficult to
measure the pollutants because they are not emitted from
a stack or other localized point. For example, HC emis-
sions from oil storage tanks occur from vents and from the
seal at the perimeter of the floating roof. Since these
emissions are spread over a relatively large area, monitor-
ing them is essentially an ambient air monitoring task.
Although in principle, an ambient air monitoring system
could be designed which would monitor emissions from these
sources, the cost for a system to measure even one pollutant

is estimated to be very high (approximately $120,000).

In the case of other sources, a concentration
measurement is possible but a mass flow measurement is
very difficult. Devices of this type are those that
have a localized emission point but no stack in which
to measure the exit velocity and no reliable method to
measure fuel flow. For example, waste wood or Teepee
burners have no stack as such (just an opening in the top
of a teepee-shaped incinerator) and the wood feed rate

and composition is highly variable.
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Highly reliable and moderately priced (relative to pollution damage
costs or fuel costs) continuous monitor systems to measure particulates,

opacity, SO NOx, hydrocarbons, and CO are available.

5
o All the components (sample acquisition, data handl-
ing, and analysis components) are available on an “"off-
the-shelf" basis to measure the concentration of the five
major pollutants. These components are, to a large extent,
well tested, and are used on a day-to-day basis in numer-
ous locations. The experience in designing systems for
most situations is extensive, as is experience in long-
term operation of these types of systems. Several manu-
facturers offer such systems and a competitive situation
exists.

The costs of continuous monitor systems range from
$5,000 to $40,000 depending on the application. The aver-—
age for a single gaseous emission measurement (802, NOx,
HC, or CO) is about $10,000, and for particulate measure-
ment, is about $20,000. For additional capabilities (addi-
tional gaseous measurements), the cost per measurement will
usually go down. These costs can be compared to average
pollution damage estimates of $40,000 to $240,000 per year
per device. For a 250 MMB/h combustion device, the monitor
cost can be compared tc an annual fuel cost of about

$2,500,000.

"Of f-the-shelf" components can be used to determine pollutant mass

flow rate.

o Mass flow rate of pollutants can be determined by
measuring their concentration and the volumetric flow
rate of the exhaust gas stream. The concentration levels
of the various pollutants is measured by the analyzers.
The volumetric flow rate can be determined by at least

two different methods.
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First, the velocity of the exhaust gas stream can be

measured using pitot tubes (the preferred method for flue
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Data management will be a major problem if the reading frequency

and archive requirements of the EPA or the State of California are adopted

gas measurements), vane type meters, propeller meters,
and thermal meters. With the velocity of the stack gas
at several locations plus the temperature of the gas at

these locations, the mass flow rate can be calculated.

Second, with the fuel flow rate and the oxygen
content of the fuel gas, the mass flow iate can be
calculated. This procedure can, of course, be used

only in combustion devices.

Standard process industry components can be used to

convert these analog signals into emission mass flow rates

in real time for a cost that is a small fraction of the

monitor cost.

and if a manual data management approach is used.

o]

Electronic data processing and storage of continuous monitor data

As was pointed out in Section 5, the amount of
data generated by a continuous monitor is so very
large, manual data reduction and storage is virtually
impossible. To interpret, reduce, and record the
600,000 data points generated by a typical system per
year would require five people working full time
reducing data at the rate of one data point per minute.
It appears, then, that an automatic data processing
system of some type is required for even the simplest
system (a system which measures an emission four times
an hour would require the processing of 70,000 data
points a year or approximately one man year of data

reduction time).

can be accomplished with "off-the-shelf" components.
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e} For $5,000 to $9,000, a complete data acquisition,
reduction, and storage system can be assembled. A system
such as this will eliminate any manual manipulation of the
data other than changing and storing magnetic tape cas-
settes. For approximately $400 per month per unit addi-
tional, a centralized storage and report preparation ser-
vice could be obtained. With this system (which has appli-
cations where several devices are adjacent), the required
emission reports for several devices would be generated

automatically in addition to storing the data.

7.2 Recommendations

Format and equipment standards for electronic data handling, storage,
and report preparation should be established by the cognizant government

agency at an early date.

o) As was pointed out in Section 5, the large amounts
of data that will be generated by even the simplest moni-
tor system which complies with the EPA proposed sampling
frequency will probably make some type of automatic data
processing system necessary. Since there are numerous
data processing systems that can be assembled from exist-
ing components, it is probable that very many non-compatible

monitor data processing systems would be developed.

The confusion and inefficiency that would result from
having a number of non-compatible systems could be pre-
vented by a set of standards that would: {1) allow and/ox
require that certain plants (probably those with large
numbers of devices) submit the necessary emission repecrts
on industry-compatible magnetic tape, and (2) specify the
format of the data tapes. Of course, the costs of install-
ing and maintaining the necessary data processing systems

could be prohibitive for the smaller sources.

The result of establishing these standards would be
that, when feasible, facilities that have adequate data

processing capabilities would be spared the expense of
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manually preparing detailed reports. An additional
advantage is that the emissions data would be in a form
that could be computer processed. Studies of emission
patterns, calculation of emission factors, and numerous
other types of studies can be conducted very easily and
inexpensively. ' In short, vast amounts of information

that do not now exist would be readily available.

A test to verify the accuracy, reliability, and general adequacy

of each individual continuous monitor installation should be required.

Since each installation presents its own unique
installation problems, in order to verify that the
system correctly determines the emissions in each
installation, a complete evaluation of the system

sSeems necessary.

A two-phase evaluation procedure similar to that
used by several of the local air pollution control
districts with regard to construction of new sources
appears advisable. Phase I would be an engineering
evaluation of the system design. In this way, obvious
deficiencies could be noted and corrected prior to
beginning iﬁstallation of the system. Phase II would
require an operational evaluation; that is, a series
of tests would be required to confirm that the monitor
system accurately measures and records the emissions
over the entire normal operating load or throughput

rate of the device.

Periodic inspection and recalibration of each system should be
required to assure proper maintenance of the entire system (for extractive

systems this includes probes, line heaters, filters, and instrumentation).

o Since the accuracy of a monitor system can be
greatly degraded by poor maintenance, a periodic

inspection of the entire system would assure that the
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monitor systems were maintained properly. -Such
inspection should include examination of the probes,
sample lines, sample line heaters (where required),
filters, knock-outs, analyzer unit, calibration sys-
tem, and data processing, récording, and storage

systems.

The required frequency of these inspections can
probably only be determined by experience. However,
experience to date has shown an interval of one month
to be a viable period. The interval can be shortened

or lengthened as experience deems necessary.
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8.0 SUMMARY

A tabulation of sources emitting 100 tons/year or more of one or
more of the five major pollutants (particulates, sulfur dioxide, oxides
of nitrogen, hydrocarbons, or carbon monoxide) was compiled. These
sources (about 1300) were categorized by industry type and the estimated

emissions from each category were summarized.

A summary of available information on most current continuous

monitor systems was compiled which describes the operating principles,

advantages and costs of each type.

A scheme for converting emission rates in concentration units
to mass flow units by using "off-the-shelf" components was devised. Some
of the techniques and difficulties in determining mass flow rate were

discussed.

An examination was made of the difficulties that will occur in the

handling of the large amounts of data that continuous monitors will gene-
rate. Some schemes for using "off-the-shelf" electronic data processing

components to automate the data handling process were presented.

Some typical installations were discussed, describing the major
components of continuous monitor systems, and showing how they integrate

with the system.

A number of conclusions and recommendations regarding continuous
monitoring systems and how the problems associated with installation of

large numbers of these devices can be minimized, were presented.
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APPENDIX

COMPANIES SURVEYED

Environmental Products Division
Whittaker Corporation
9100 Independence Ave.
Chatsworth, CaA 91311

International Biophysic Corporation
2700 Dupont Drive
Ixrvine, CA 92664

CEA Instruments
555 Madison Avenue
New York, NY 10022

Scott Research Laboratories, Inc.
Plumsteadville, PA 18949

Intertech Corporation
19 Roszel Road
Princeton, NJ 08540

Theta Sensors, Inc.
1015 No. Main St.
Orange, CA 92667

REM Scientific, Inc.
2000 Colorado Ave.
Santa Monica, CA 90404

Beckman Instruments

Process Instruments Division
2500 Harbor Blvd.

Fullerton, CA 22634

Environmental Data Corporation
608 Fig
Monrovia, CA 91016

Lear Siegler, Inc.

Environmental Technology Division
One Inverness Drive East
Englewood, CO 80110
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COMPANIES SURVEYED

Thermo Electron Corp.

RESPONDED TO
QUESTIONNAIRE

SYSTEMS AVAILABLE

No

¢/o Environmental Instruments Division

85 First Ave.
Waltham, MA 02154

Leeds & Northrup Company
1360 So. Anaheim Blvd.
Suite 225

Anaheim, CA 92805

E.I. DuPont de Nemours & Co.
Instrument Products Division
150C So. Shamrock
Monrovia, CA 91016

¥
Mine Safety Appliances Co.
7100 Fair Ave.
North Hollywood, CA 91605

Western Research & Development Ltd.

932 Pacific Plaza
Calgary Alberta T2POT8 Canada

Forney Engineering Co.
P.O. Box 189
Addison, TX 75001

Bailey Mater Co.
29801 Euclid Ave.
Wickliffe, OH 44092

GCA Technology Div.
Burlington Rd.
Bedford, Mass. 01773

KVB Equipment Corporation
1306 E. Edinger Ave:, Suite A
Santa Ana, CA 92705

No
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Yes

No
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Yes
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STATE QF CALIFORNIA—RESOURCES AGENCY

AIR RESOURCES BOARD

1709 — 11th STREET
SACRAMENTO 95814

RONALD REAGAN, Governar

KVB, Inc. has been awarded a contract by the State of Californin Air Resources
Board to develop criteria which can be used to assess the practicality of
requiring continuous monitoring of emissions from various stationary sources.

The program will culminate in a report to the ARB and consists of Lour
basic tasks:

A. Classifying the sources in the State by process type, size and description;

~B. Defining the species of pollutant emitted from each classification
together with emission rate;

C. Determine the cost and feasibility of centinuous monitoring for each
source classification; and

D. Provide information on the type of control equipment available for each
source class.

As part of Task C, we are soliciting the cooperation of the manulacturcrs of
continuous source ponitoring equipment to provide performance characteristics
and cost ranges of the various monitoring systems currently available. The
inguiry is directed at both extractive and in-situ systems and is limited to
complete systems rather than instruments alone, i.ec., for extractive systems
the complete system would include sample acquisition, sample prctreatment and
sample analysis. The systems of interest are those with the capability to
measure the following emissions:

1. NO, 0 5. CO

2. 80p 6. Particulates in terms of weipght
5. NOyx and S0, 7. Opacity

L., Hydrocarbons

We would appreciate any information which you can provide KVB regarding
monitoring equipment manufactured by your company which measures the above
parameters. Enclosed is a questionnaire which will provide the desired
information for the study. Your cooperation in completing the form and
returning it to the following address: KVB, Inc., 17332 Irvine BElvd.,
Tustin, CA. 92680, will be greatly appreciated.
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If you have any questions or require additional information, please do not
hesitate to contact Mr. Wallace A. Carter of KVB at (714) 832-9C20.

Sincerely,

A. H. Bockian, Ph.D.
Acting Chief,
Research Section

Enclosure
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QUESTIONNAIRE

1.

Pollutant Measured: Information is desired for systems with the
capability to measure each of the following:

1. NOx

2. S0

3. Both NOx and S0, .

4. Hydrocarbons

5. CO

6. Particulates in terms of weight

7. Opacity

Please submit a separate completed guestionnaire for each category
for which you have capability.

Principle of Operation: Instrument technique used to detect and
measure pollutant.

Method of Operation: Is system continuous or intermittent? If
intermittent, what is cycle?

Description of System Components:

Sample Interface - That portion of the measurement system that performs

one or more of the following operations: delineation, acquisition,

transportation, and conditioning of a sample of the source effluent

or protection of the analyzer from the hostile aspects of the sample
or source environment.

Analyzer - That portion of the system which senses the pollutant gas
and generates a signal output that is a function of the pollutant
concentration.

Data Presentation - That portion of the measurement system that pro-
vides a display of the output signal in terms of concentration units.

System Performance
a. Range: The lower and upper detectable limits.

b. Accuracy: The degree of correctness with which the measurement
system yields the value of gas concentration of a sample relative
to the value given by a defined reference method. This accuracy
is expressed in terms of error which is the difference between
the paired concentration measurements. The error is expressed as
a percentage of the reference mean value.

c. Calibration Error: The difference between the pollutant concen-
tration indicated by the measurement system and the known concen-
tration of the test gas mixture.
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Zero Drift: The change in reasurement system output over a
stated period of time of normal continuous operation when the
pollutant concentration at the time of the measurements is zero.

Span Drift: The change in measurement system output over a stated
period of time of normal continuous operation when the pollutant
concentration at the time of the measurements is the same known
upscale value.

Repeatability: A measure of the measurement system's ability to
give the same output reading(s) upon repeated measurements of
the same pollutant concentration (s).

Response Time: The time interval from a step chance in pollutant
concentration at the input to the measurement system to the time
at which 95 percent of the corresponding final value is reached
as display cn the measurement system data presentation device.

Operational Period: A minimum pericd of time over which a
measurenment system is expected to coperate within certain performance
specifications without unscheduled maintenance, repair or adjustment.

Operational Requirements

[=0

Ambient Temperature Range: The rahge cf ambient temperature over
which the system will meet stated performance specifications.

Calibration: The method for determining the system response to
calibration gases, i.e. dynamic calibration using real gases or
artificial stimuli ( static using devices such as optical filters
calibration).

Warm~up Time: The elapsed time necessary after start-up for the
system to meet stated performance specifications when the system
has been shut down for at least 24 hours.

Maintenance Req drements: Description of regular, scheduled
maintenance required by the complete system together witn
frequency of maintenance, and usage rate of system expendables.

System Requirements: electrical power; voltage and power 2ir;
flowrate, pressure, condition water; flowrate, pressure, condition

Physical Characteristics: Approximate dimensions and weight

Approximate Cost:

Features: Description of distinctive system characteristics or
capabilities.
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